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Electronic Structure of GaAs*

James R. ChelikowskyT and Marvin L,’ Cohen
Depa.r'tmerit of'Physic_s, Urﬁversity of .Ca_lifor_hial
and |
Inorganic Materials RéSearch Division, Lawrence vBerke‘levaabora_tory, _

Berkeley, California 94720

Abstract
Using a"non- ioéal pseudopoténtial, ir;éluding spin~

orbit intéractions, we have 'cal.cu_l‘at.ed a_bé,rid. "struc‘ture_ fof

GaAs Which is in éxcéllent agreeiﬁent with ele'ctro;'eflecténCé,

wavelength rvnodu_lation,” and photoemission experimental'res‘u’lt‘s‘,.h_

An order of magnitude in a,ccvu.racy has been.ga’ined over existing

Ea.nd. sfructures; the largest d.iscrepancj with Schottky barriéf” :

electroreflectance measurements is léss than OfO8 eV. ‘The

conflicts presently existing in the mterpretatior; of the _Eo'

reflectivity structure are resolved.

}We have calculated what we believe to be th.e mdst accurate band B
structufe for GaAs to date. In fact, due to the extensive expérimenta_l
studies bn this compound, this band structuré may be the most a.c:cura.te |
band struéture, over a large energy range, avéilable fdr 'a.my material.‘_
The largest discrepancy between the eXperimental criticai po_int»energies,

as determined by the Schottky barrier electroreflectance of Aspnes_ and



,,-:lejﬂ;il arid as calculated by our non-local pesud.oﬁoten_tlal scheme is

iess than 0.08 eV. Turther, we are able to achieve compa.r.‘ab.le agréement
+ith the derivative reflectivity spectrum from wavlel}e»ngth rﬁod_ulation
measurements, and the electronic density of states as .mea.sured. by
photoemission experiments. This represents nearly anb ordiei_" of ma.gnitudé

improvement over previous band structure calculations. We are also

able to cbn_firm the existence of the critical 'po'mhs of A symmetry appearing o

in the EO' structure, which lie about 10% of the way from I' to X, | in
agreement with the proposed assignment of Aspnes and Studna. 1 Spin-
orbit interactions are found to be of prime importance in the formation

of these critical points.

The band structure was calculated using the Empirical Péeudépqténtial _

<

Method (EPM) which has been discussed exterisive;ly e.ls_éwherve._% Sivnc.ev:
this method requires experimenté.l information as input _to le the férfn
factors, the recent experimental advances in electrbréfleétlancve .tec'hniques;*v
in particular those developed by Aspnes,lf3 and h-igh resoluti‘on phdtp—
‘emission spectroscopy, 4 have proven to be quite.valuabl/e. Accérding Lo
Aspnes and Stud_na their electroreflectance measﬁrements oﬁ GavAs__have’
resuited in an order of magnitude improvemeht in th_e resolﬁtion.a.nds
accuracy in the determination of critical pointhen'ergies as compared fo' .
prev lous spectroscopic work. 1 In addition, the advent vof high resolution"
photqemission spectroscopy has supplied us with detailed inforfnatioa on
the lowest lying valence bands in sem.iconductors. This infovfmation,v -'m,

turn, has indicated the necessity of non-local corrections to the usual



]

local pseudopotential c‘alculations. While these ’co'rrec’tion.s are not
elqnlflcant over a llmlted energy range, for example in obféibing an.
' opueal spectra where the top valence band and bottom conduction bands
are of prlmelmpOrtance they can be crucial in calculating a densm‘y
of eta.tes where all the valence bands are requlre.d It is these two
experimental a.reas of a‘dvanceinerlt, then; wbich have ma,de an extr‘_emely
accurate band structure possible. | '~

In our cé,leula,tio'n we have taken an atomic pselidopotentiai. _of 

the fo'rm;

i =V A elr AR O

“where V. (r) is the usual local pseudopotential, and @Z'prqjects out t_he

L
L= 2 anguiar momentum combovnent.. This rion-local ps_eudopotentiai is .
| quite sumlar to the one used recently by us in Ge.

The crystal potentlal is then taken to be a sum of theee atemlc
peeudopotentlals, and the local part can be expreesed. in terms of symmetric_ :
and antisymmetric pseudopotential form fa_ctors. 2 For this ce.'lculatibn
the symmetric form factors were given by VS(B)' : -0. 214-, VS(S) = 0.614,
v3(11) = 0.067 Ryd. , and the antisymmetric form factors by_ vh(g - '0.05'5,'
. VA(4) - 0.038, 'VA(11) - 0.001 Ryd. The non-local well depths were
~ taken to be A, (Ga) =0.25 and A, (As} =1.25 Ryd. Tbe perameter R in -

(1) is not of crucial importance in detez mining the band structure 6 aed»

since it is computatlonally simpler, we have constramed it to be equel to

the radius used in Ge7 for both the Ga and As contributions, : Spm—orbit



interactions were included in our calculation in a me_tﬁ'o_d:sim‘i_lar to the
one used by Saravia and 'BruAst in Ge. | |

In Table I we compare our calculated criticélpvoint: enercjies to thé
experimental results of Schottky barrier electror_eflecténce, Waveléngth
modulat‘ionvand photoemission. We alsov‘compare our rvesu,ltsA to tWo of the
most .a.ccu.r'ate‘ recent band cajtculationé which have .a'_ll‘s_o( ingéiud_e_& spin—orbit
intefa.ct‘ions. As can be noted a vast improvemerit'ﬂo;\:zer Atvh'e previous |
calc_:i;lations has been obtained. While» the .loc.a:l EPM adequateiy gives
the bpfical t;a,—rﬂlsiﬁions, it yields significant erro.rs whén compared tq_ﬁh;
photoemissibn d.éta.. Here the OPW calculatioln res-ult's in b_e't}'t'er‘ valﬁevsv, )
but it does not yield .accurate optical transitibns. .S}in.ce» a __typical
'd.iscr.epancy between the local EPM or OPW theoret_ical.rfesu‘lts ahd thg
experlméntal values is on the order of 0.5 eV, ahd 'a: tirpica_l"mn~ loc'alm
EPM er.ror is on the order C. 05 eV, we ha\}e obta_ir_ied_. a‘ri 'ord.e'r o_'f. o :
magnitude ilmprovement. | |

Once the band structure has been obtainé(-:'l,_ the irﬁaginary part
of tﬁe ‘d.ielec'trié function cé,n.be c_aLculated.,. and by ui"sing- t‘he“ Kramers :
'KroAnig 'dispers';on relations, a reflectivity obtained. ’_.In Figu’re,i the_
experimental aﬁd theor'etvical modulated .reflectivity iSAgiven‘. 'fo_r’GaAé.
And,. as can be observed, the agreement is excellenﬁ.

By examining the energy gradients and dipole _matrifg élements
throughout the Rrillouin zone, it is possible to d.eté_rm‘me the brigin bf ‘
structure in the imaginary part of the dielectric func_tion; »In‘ suéh a m'_a"nnex'*_.

| we have analyzed the contributions to the EO' reflectivity structure,



Th‘ivs structure has been the subject of some discussion. ’91 Réhn a.ﬁnd Kyser
using transverse electroreflectance observed ohly a A symmetry for this
structure. 9 They atfributed the structure to be der_ived from the pseudo-
crossing of the A5 conduction ba.nds. vHowever, Aép‘neé and. S‘tudna. have
pointed out thét this int'erpfetat‘ion conflicts with band étrué.ture calcui&tions
Where some I syfnmetry structufe is predictedl,1 F.urther, they pfopoéed
that the A symmetry structur;—r arises from a pair of 1_\/I1 critical points -
approximately 1/ 10th of the W‘ay from I tQ. X. Ourk éalculatidns a.grée' | '
with the Aspnes-Studna inte,rpretation. We, in’d.ee.d, find tWo‘ Mi

points along A at between 5 to 10% of the way from I to X as indicated

critical

in Flgare 2. It is these points along with vcontributionsvfrom r, whiéh
cause the strugttlré at 4 5 eV (B) and 4.7 eV (C) in our vd.eriva}ti_ve
spectrum (Fig. 1). We have also found thaf b'y.calc'uvla,ting. the band
struct'ure with and without sbimorbit in'tevraCtiorAls, that theAse_ interactio@s v'
are crucial in éltefiﬁg the band shape near I' and 'pro’diic ing thé critical’
pointsk. |

- Aspnes and Studna also noted the possibility of the’ pseud.ocrossmg B
producing some very weak structure at 4.4 eV . in the electrore_fleetéﬁce
data. 1 bThiS also agrees with our results. The d.a.shed-line ‘vi'nv Fig. 2
1ndic_a.tés an MO critical point position néar the.pséud'o‘cr.OSSi'ng. This I\/’O
critical point produces the weak structure near 4,.'4 éV (A) in Fig. 1. It
should be noted, howevef, that there existé a cor.npanflon Mo_crit'ica.l point

o

occurs at about 0.1 eV higher energy, it is nearly degenerate with the EO‘ _

due to the spin-orbit splitting of the A_ valence band. Since this companion’



structure from T and A at 4 5 eV In our c,alculated oerlvatwe s \?"Cl‘;r‘.l..ll;ﬂ
it is maskea by the stronger Ml cutlcal pomts and ths may a‘so be the :

- case in‘the electroreflecbance measurements. o
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Table Caption
Table I. Comparison of theoretical and experimental critical point energies

for GaAs.

a) Sée Ref, 12
-b)_ See Ref. 13
cj See Ref. 10
- d) See _Re.EI. 1

e) See R_'ef.’>_14 |
f) See Réf. 15

g) See Ref. 11

- Figure Captions
Fig. 1 Comparison of théoretical .(soiid liné_) and ‘experin;lenta.l (d_aShéd
~ line) mod.tilatéd reflec’tivity fbr GaAs. The expefimental results- |
are‘frdm Ref. 10. For A, B, C, see ‘te’xt._ | |
Fig. 2. Calculated band structure for GaAs :near- r shOWing‘ the criztiéal
~ point location for the EO' structure. Also indicated (d,a.shed._
line) is an M.o critical point résu].ting vfrom the pseudocrossing B

of the A

5 conductio n bands.
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Table I
Experiment Theory
Transition Reflectivity Critical® Non-local TLocal® OPWY |
Structure Point EPM  EPM
B rn’-r’ 1.52%  1.52 1.1  1.52 1.34
7o 78 76 v R v 3
B4 1V-r° 1.86° 1.86  1.86  1.87 1.66
o "o ! 6 o ‘ o
E. L, . -LC 3.02° 3.04 3.03 982 262
1 Ly lg . 04 .03 .82 2,
T L N ) e
B8, Lg-Lg 3.95 3.25  3.25 Vu,Q5
ERXCEEARS -- 449 454 480 412
E YA ' 1, -1° - 4.66 4.71 . 4.93 4.30
o "o 8 o o
E '+ +0 ' 17 - 5.01 - 5.05 . 5.28 4.62
.o o o . T DR ‘_ _
o v_,C . 44°  4.53 wa 3  -
B Ay 4.44 453 4.54 ‘»_4. 8
B+ (0) AS"-A, 4.84° 4,70 4.70 - 4.55  --
= 5.11° 5,14 5.07 4.8  --
X, =X -- 4.94 492 440 4.33
D AL & - 501 5.0l 449 4.52
X, =X 5.64° 5.3 5.28  4.67 4.58
| XBV4X70 5.42  5.38 4.76 4.67
Photoemiésion
Ups®. xpst
Lo -Tyg 0.840.2 1.420.3 1,31 0.85 1.06
S 4.140.2  4.4%0.2  4.93  3.35 -
S 6.950.2 7.120.2  6.88 = 6.23 6.43
st-r15v" | 10.040.2 10.740.3  9.87 - 10.00 10.24
Vor, Y 12.940.5 13.810.4  12.55

12,10 12.44



-11-

T .

VTR T - -

TVLINIWIIIXT - -~
TVOILIYOIHL —

1)

ol
o_|a.
0 mi=

(,_A®)



(05,0000

~ Figure 2



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




g

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





